RanGAP is the GTPase-activating protein of the small GTPase Ran and is involved in nucleocytoplasmic transport in yeast and animals via the Ran cycle and in mitotic cell division. Arabidopsis thaliana has two copies of RanGAP, RanGAP1 and RanGAP2. To investigate the function of plant RanGAP, T-DNA insertional mutants were analysed. Arabidopsis plants with a null mutant of either RanGAP1 or RanGAP2 had no observable phenotype. Analysis of segregating progeny showed that double mutants in RanGAP1 and RanGAP2 are female gametophyte defective. Ovule clearing with differential interference contrast optics showed that mutant female gametophytes were arrested at interphase, predominantly after the first mitotic division following meiosis. In contrast, mutant pollen developed and functioned normally. These results show that the two RanGAPs are redundant and indispensable for female gametophyte development in Arabidopsis but dispensable for pollen development. Nuclear division arrest during a mitotic stage suggests a role for plant RanGAP in mitotic cell cycle progression during female gametophyte development.
Introduction
RanGAP is the GTPase-activating protein (GAP) of the small GTPase Ran and is conserved in eukaryotes, including fungi, animals, and plants (Hopper et al., 1990; Melchior et al., 1993; DeGregori et al., 1994; Bischoff et al., 1995; Meier, 2000; Pay et al., 2002) . It is involved in nucleocytoplasmic transport of proteins containing nuclear localization signals and/or nuclear export signals via the Ran cycle in yeast and animals (Bischoff et al., 1995; Traglia et al., 1996; Hutten et al., 2008) , and in mitotic cell division (Bamba et al., 2002; Kusano et al., 2004) . Roles of the Ran cycle in animal mitosis include cell cycle progression, spindle assembly, centrosome duplication, chromosome alignment, segregation, and decondensation, as well as nuclear envelope reassembly following mitosis (Ren et al., 1994; Hetzer et al., 2000; Zhang and Clarke, 2000; Gruss et al., 2001; Zhang et al., 2002; Dasso, 2003, 2005; Ciciarello et al., 2007) . In yeast and animals, null mutants of RanGAP are lethal (DeGregori et al., 1994; Bamba et al., 2002; Kusano et al., 2004) .
Arabidopsis thaliana carries two homologues of RanGAP, RanGAP1 (RG1) and RanGAP2 (RG2), which show ;60% identity with each other and ;20% identity with either the Saccharomyces cerevisiae homologue (ScRna1p) or the human RanGAP homologue (HsRanGAP) (Rose and Meier, 2001) . They complement the yeast temperaturesensitive rna1-1 mutant (Corbett et al., 1995; Pay et al., 2002) , thus confirming conserved GAP activity. Publicly available microarray data sets at GENEVESTIGATOR (www.genevestigator.ethz.ch; Zimmermann et al., 2004) show a high level of expression for both RanGAPs in regions with high mitotic activity, including shoot and root meristems, in addition to a basal level of expression in almost all tissues. RanGAP1 expression is also reported as high in both ovules and pollen, while RanGAP2 expression is high in ovules but very low in pollen.
As in animal cells, Arabidopsis RanGAP1 and RanGAP2 are located at the nuclear envelope in differentiated cells and during interphase in cycling cells (Rose and Meier, 2001; Pay et al., 2002; Jeong et al., 2005) . Several of the mitotic locations of RanGAP in animals are also conserved, such as a concentration at the kinetochores and at the spindle midzone (Matunis et al., 1998; Joseph et al., 2002) . In addition, Arabidopsis RanGAP1 is a continuous marker of the cell division plane, found concentrated at the preprophase band, and retained at the cortical division zone, as well as the growing edge of the cell plate and phragmoplast (Pay et al., 2002; Jeong et al., 2005; Xu et al., 2008) . Inducible knockdown experiments indicate a role for Arabidopsis RanGAPs in proper cell plate establishment and positioning during cytokinesis (Xu et al., 2008) . In addition, RanGAP2 was found to be involved in disease resistance to potato virus X via an unknown mechanism (Sacco et al., 2007; Tameling and Baulcombe, 2007) .
The life cycle of an angiosperm alternates between a diploid sporophyte generation and a short-lived haploid gametophyte generation. The haploid gametophytes are derived from the diploid microspore (male) and megaspore (female) parent cells. After meiosis, each microspore undergoes two mitotic divisions to form the male gametophyte (pollen grain) consisting of a vegetative cell and two sperm cells. The megaspore undergoes three mitotic divisions to form a female gametophyte (embryo sac). A typical embryo sac consists of seven cells: three antipodal cells, a fusionderived diploid central cell (which will form the triploid endosperm after double fertilization), the egg cell, and two synergid cells. Fertilization of the haploid male gamete (the sperm) and the female gamete (the egg) gives rise to the diploid zygote to begin the sporophytic generation of the life cycle (reviewed in Drews et al., 1998; Drews and Yadegari, 2002; Yadegari and Drews, 2004) .
Gametogenesis in higher plants has been studied predominantly by forward-genetic approaches. A number of mutants defective in female and male gametophytic functions have been isolated by genetic screens, and some of these genes have been functionally characterized (Feldmann et al., 1997; Christensen et al., 1998; Drews et al., 1998; Yang and Sundaresan, 2000; Johnson et al., 2004; Shi et al., 2005) . Due to the unique development, structure, and function of the gametophytes compared with that of the sporophyte and the differences between male and female gametophytes, it remains particularly important to identify the network of molecular players involved in the development of these unique structures.
Here, we provide genetic and cell-biological evidence that RanGAP is essential for female gametophyte development in Arabidopsis and that RanGAP1 and RanGAP2 are redundant for this function. In RanGAP double null mutants the female gametophytes were arrested postmeiosis, predominantly at the two-nuclear mitotic stage, thereby suggesting a role for RanGAP in cell cycle progression during female gametophyte mitosis. In contrast to female gametophyte arrest, mutant pollen developed and functioned normally.
Materials and methods

Plant material and growth conditions
This study was based on Arabidopsis RanGAP1 (RG1, At3g63130) and RanGAP2 (RG2, At5g19320). The T-DNA insertion mutant rg1-1 (SALK_058630) in Columbia (Col) ecotype was acquired from the Arabidopsis Biological Resource Center (ABRC, The Ohio State University, Columbus, OH, USA). The T-DNA mutant rg2-3 (FLAG_184A06) in Wassilewskija (Ws) was acquired from the Versailles T-DNA lines collection (Bechtold et al., 1993; Bouchez et al., 1993) . The position of the T-DNA insertions in the rg1-1 and rg2-3 alleles was confirmed by sequencing and it resides ;720 bp downstream (in an exon) and ;190 bp upstream (in an intron) of the start codon of RanGAP1 and RanGAP2, respectively. An F1 generation was obtained from a cross between the two mutants and was allowed to self-fertilize to obtain the F2 generation. Arabidopsis seedlings were grown in soil under standard long-day conditions (16 h light and 8 h dark).
PCR-based genotyping of T-DNA insertion lines
For PCR-based genotyping of T-DNA insertion lines, genomic DNA was extracted as described (Krysan et al., 1999) . All primer sequences are summarized in Table S1 (Supplementary data available at JXB online). For rg1-1 and rg2-3 screening, primer combinations RanGAP5.2/LBa1 and 032721FP/LB were used, respectively. The position of the T-DNA insertions is shown in Fig. S1 (at JXB online).
Cloning
For the RG1 promoter-GUS construct, a 1.2-kb genomic fragment upstream of the coding region of RanGAP1 was PCRamplified using Taq DNA polymerase (New England Biolabs, Ipswich, MA, USA) from a genomic DNA preparation (DNeasy plant mini kit; Qiagen, Valencia, CA, USA) using primers MLU1 and Promoter 3' (Table S1 , at JXB online). The insert was confirmed by sequencing and contained 730 bp of the annotated promoter, in addition to the 5' untranslated region (5'UTR), and the first intron of RanGAP1 (Fig. S1 , at JXB online). The fragment was subcloned into the PCR2.1-TOPO TA cloning vector (Invitrogen). A BamHI-NotI fragment was subcloned into pENTR 3C (Invitrogen) and moved to pMDC162 (Curtis and Grossniklaus, 2003) by LR recombination cloning (Invitrogen, Carlsbad, CA, USA). The RG2 promoter-GUS construct containing an 850-bp genomic fragment upstream of the coding region of RanGAP2 was cloned in the same way using primers Pro.Ran-GAP2 F and Pro.RanGAP2 R (Table S1 , at JXB online) and was moved from the PCR2.1-TOPO TA cloning vector into pENTR 3C as a BamHI-NotI fragment.
To construct the RG1 promoter-RG1 fusion, a 2.2-kb genomic fragment containing the coding region of RanGAP1, the 3'UTR, and an ;300-bp intergenic region downstream of the 3'UTR was amplified from a genomic DNA preparation (DNeasy plant mini kit; Qiagen) using Platinum Pfx DNA polymerase (Invitrogen) and primers RG1-F1-CACC (AscI) and RG1-intergenic R1 (AscI) (Table S1, at JXB online). The insert was subcloned into pENTR/ D-TOPO (Invitrogen). After sequence confirmation, the 2.2-kb genomic fragment was moved as an AscI fragment into the RG1 promoter-GUS vector.
The RG2 promoter-RG2 construct was generated by cloning an ;4-kb fragment of RanGAP2 genomic DNA into pGWB1 binary vector. The fragment contains 1.2 kb of annotated RG2 promoter, the 5'UTR, the intron, the coding region, and an ;200-bp 3'UTR and was amplified from a genomic DNA preparation (DNeasy plant mini kit; Qiagen) using Platinum Pfx DNA polymerase (Invitrogen) and primers RG2-PDONR-4KB-F and RG2-PDONR-4KB-F (Table S1 , at JXB online). It was subcloned into pDONR 221 (Invitrogen) by BP recombination cloning (Invitrogen). The insert was confirmed by sequencing and subsequently introduced into pGWB1 by LR recombination (Invitrogen).
Antibodies
Anti-RanGAP1 and anti-RanGAP2 antibodies have been described previously (Jeong et al., 2005; Xu et al., 2008) .
Floral stage determination
Definitions for floral and ovule development stages used by Smyth et al. (1990) and Schneitz et al. (1995) for Landsberg erecta (Ler) ecotype were adopted (Table S2 , at JXB online). We verified that wild-type Columbia (WT Col) and wild-type Wassilewskija (WT Ws) showed a similar developmental pattern (Fig. S2 , at JXB online). Stages 12-early, 12-mid, and 12-late refer to when petals align with anthers, are midway between anthers and stigma, and are at the same level as the stigma, respectively. Stage 13-early refers to buds opening with petals clearly visible above the sepals but prior to anthesis and stamens below the level of the stigma. Stage 14-early was determined by pre-experimentation at '13 hours after anthers of flowers at the stage of 13-early have been emasculated', ensuring that mature embryo sacs could be halted at the eight-nuclear stage without fertilization. 'Early' refers to the beginning of the floral stage showing hallmark features of the corresponding stage (Table S2 , at JXB online).
Ovule clearing and differential interference contrast optics Dissected pistils were fixed in absolute ethanol:acetic acid 9:1 (v/v) at 4°C overnight and washed with 90% ethanol for 1 h at room temperature. Pistils were subsequently washed with 70% ethanol for 1 h at room temperature and cleared with a clearing solution (8 g of chloral hydrate:1 ml of glycerol:2 ml of water) overnight at room temperature.
Aniline blue staining Pistils were fixed for 2 h at room temperature in glacial acetic acid:absolute ethanol 1:3 (v/v) and submerged in 1 M NaOH overnight at 4°C to soften the tissue. Tissues were washed with 50 mM potassium phosphate buffer (pH 7.5) and the ovules were exposed by dissection of the carpel wall. Pistils were stained with 0.1% aniline blue for 4-6 h and viewed under UV light.
b-Glucuronidase assays Histochemical staining for b-glucuronidase (GUS) activity was performed as described (Jefferson et al., 1987) . In short, tissues were fixed for 1 h in 90% acetone at -20°C, rinsed with 0.2 M Na 2 HPO 4 , stained with 1 mM 5-bromo-4-chloro-3-indolyl-b-Dglucuronic acid (X-Gluc) in 50 mM potassium phosphate buffer (pH 7.0), and cleared with 70% and 90% ethanol (v/v) . The degree of staining of ovules was modulated by manipulating the duration of staining. Ovules were cleared with a chloral hydrate solution (8 g of chloral hydrate:1 ml of glycerol:2 ml of water) and observed with differential interference contrast (DIC) optics.
Complementation assay
Plasmids carrying RG1 promoter-RG1/pMDC162 and RG2 promoter-RG2/pGWB1 inserts were mobilized into the Agrobacterium strain GV3101 by electroporation. Subsequently, Arabidopsis rg1-1/rg1-1;RG2/rg2-3 plants were transformed by floral dipping (Clough and Bent, 1998) and the primary transformants (T0) were selected by hygromycin resistance (30 lg ml À1 ). T1 and T2 generations were screened by PCR genotyping for rescued rg1-1/ rg1-1;rg2-3/rg2-3 plants.
Results
Gametophytic lethality of the rg1-1;rg2-3 RanGAP double knockout mutant
To investigate the roles of RanGAP1 and RanGAP2 in Arabidopsis, single null mutants were first analysed. Figure  S1 (at JXB online) shows the gene structure of RanGAP1 and RanGAP2 as well as the positions of the T-DNA insertions of the rg1-1 and rg2-3 alleles. (rg1-1 and rg2-3 have been previously confirmed as knockout alleles by immunoblots with RG1-and RG2-specific antibodies, showing complete absence of the respective protein bands (Xu et al., 2008) . No observable phenotypes were detected in the single mutants (data not shown). The single mutants rg1-1/rg1-1;RG2/RG2 and RG1/RG1;rg2-3/rg2-3 were crossed to obtain the F1 progeny for segregation analysis in F2 and F3 generations.
The segregation of the F2 progeny of the cross between rg1-1/rg1-1;RG2/RG2 and RG1/RG1;rg2-3/rg2-3 yielded no double homozygous mutants, indicating lethality and redundancy of RanGAP1 and RanGAP2 for the underlying function. RG1/rg1-1;rg2-3/rg2-3 and rg1-1/rg1-1;RG2/rg2-3 plants were identified by PCR-based genotyping in the F2 generation. They had no observable phenotype, suggesting that a reduction in the overall RanGAP amount to ;25% is sufficient for growth and development under standard laboratory conditions. RG1/rg1-1;rg2-3/rg2-3 and rg1-1/rg1-1;RG2/rg2-3 F2 plants were allowed to self-fertilize and the F3 segregation ratio was determined by PCR-based genotyping. Table 1 shows the results of the segregation analysis. In both self-fertilizations, no double homozygotes were observed. The segregation ratio of 62:73 between rg1-1/rg1-1;RG2/rg2-3 and rg1-1/rg1-1;RG2/RG2 is close to a 1:1 ratio [v 2 (1, N ¼ 135) ¼ 0.9; 0.5>P>0.1 for the probability that a deviation from a 1:1 ratio is due to chance]. The segregation ratio of 11:19 between RG1/rg1-1;rg2-3/rg2-3 and RG1/RG1;rg2-3/rg2-3 is somewhat skewed towards the RG1/ RG1;rg2-3/rg2-3 genotype, but the chi-square analysis still suggest acceptance of the null hypothesis that 11:19 is not significantly different from 15:15 [v 2 (1, N ¼ 30) ¼ 2.12; 0.5>P>0.1]. Given that the latter data set is rather small, we discerned from this combined analysis gametophytic lethality of the rg1-1;rg2-3 haplotype.
Dissection of siliques from rg1-1/rg1-1;RG2/rg2-3 and RG1/rg1-1;rg2-3/rg2-3 parent plants showed a reduced number of developed seeds and the presence of ;50% shrunken, white structures indicative of aborted ovules (Fig.  1A , B, Table S3 , at JXB online). Silique length was not significantly affected, and no embryo lethals or seedling lethals were observed. Together, the data suggest gametophytic lethality of the combination of the two RanGAP null alleles.
Transmission of the rg1-1 allele in the rg2-3 background is normal through the male parent but completely blocked through the female parent
To investigate the possibility of gametophytic lethality underlying the F3 segregation distortion shown in Table 1 , reciprocal crosses between RG1/rg1-1;rg2-3/rg2-3 and RG1/RG1;rg2-3/rg2-3 were performed to test for transmission of the rg1-1 allele in an rg2-3 background through both the male and the female haploid stage. Genotypes of progeny were assessed by PCR. The results shown in Table 2 indicate that the rg1-1;rg2-3 genotype was fully transmissible through the male, but was 100% blocked through the female line. This indicates lethality of rg1-1;rg2-3 female gametophytes. In addition, we observed no morphological defects in pollen grains from RG1/rg1-1;rg2-3/rg2-3 and rg1-1/rg1-1;RG2/rg2-3 parents, supporting the notion that rg1-1;rg2-3 is male gametophyte viable (data not shown).
Pollen tube transmission analysis in naturally self-fertilized and aniline blue-stained rg1-1/rg1-1;RG2/rg2-3 (Fig.  1C, D) and RG1/rg1-1;rg2-3/rg2-3 (data not shown) pistils showed functional pollen and unfertilized mutant embryo sacs, indicating that the rg1-1;rg2-3 ovules are developmentally arrested prior to fertilization. Together, these data suggest that rg1-1;rg2-3 female gametophytes are not viable, while rg1-1;rg2-3 pollen are viable and functional.
rg1-1;rg2-3 ovules arrest during early megagametogenesis
To determine the nature of the female gametophyte defect, we followed ovule development by ovule clearing and DIC microscopy. Table S2 (at JXB online) shows the correlation between floral stages and ovule development as it has been described for the Ler ecotype (Smyth et al., 1990; Schneitz et al., 1995) . Here, we first determined that the same staging could also be applied to the ecotypes Columbia (Fig. S2 , at JXB online) and Wassiliewska (data not shown) used in this study. We then observed ovule development prior to selffertilization of rg1-1/rg1-1;RG2/rg2-3 parent plants (Fig. 2,  Table 3 ). At stage 12-early, the majority of observed ovules were at the one-to two-nuclei stage without a vacuole and no difference between rg1-1;RG2 and rg1-1;rg2-3 ovules was observed. However, at stage 13-early, about half of the ovules had developed to an eight-or seven-nuclei stage, while the remaining half was distributed between the one-to two-nuclei stage and more predominantly the two-nuclei stage with vacuole. At stage 14-early, with half of the ovules at the eight-nuclei or seven-nuclei stage, half of the arrested ovules were showing signs of degeneration. The DIC images in Fig. 2 illustrate examples of a stage 12-early ovule, two ovules arrested with two nuclei at stages 13-early and 14-early (presumed rg1-1;rg2-3 genotype) and one properly developed ovule at stage 13-early (presumed rg1-1;RG2 genotype). F2 RG1/rg1-1;rg2-3/rg 2-3 and rg1-1/rg1-1;RG2/rg2-3 plants were self-fertilized and F3 segregation ratios were determined. a v 2 (1, N ¼ 135) ¼ 0.9; 0.5 > P > 0.1. b v 2 (1, N ¼ 30) ¼ 2.12; 0.5 > P > 0.1. These data suggest that the rg1-1;rg2-3 gametophytes were arrested predominantly after the first mitotic division following meiosis and degenerated subsequently. Similar results were obtained when analysing RG1/rg1-1;rg2-3/rg2-3 parents (data not shown). Degeneration of arrested ovules has been reported for several gametophyte-lethal mutants (e.g. Pischke et al., 2002 and references therein) . To our knowledge, the mechanism that leads to the degeneration after developmental arrest is currently unknown. The arrests were evidently at the interphase as indicated by intact nuclei with visible nucleoli. The similar stage of arrest of the mutant ovules of both parents, RG1/rg1-1;rg2-3/rg2-3 and rg1-1/rg1-1;RG2/rg2-3 suggests no differential effects by maternal (i.e. sporophytic mother plant) contribution of RanGAP1 or RanGAP2 towards ovule development. Together, the absence of discernable embryo lethality, the observed arrest in early megagametogenesis, and the absence of double mutant seedlings in repeated crosses, suggest that the RanGAP-deficient double mutants are lethal during the early mitotic phase of megagametophyte development.
RanGAPs are expressed in the developing embryo sac and pollen
Analysis of publicly available microarray data indicated the presence of RG1 mRNA in pollen and both RG1 and RG2 mRNA in ovules (GENEVESTIGATOR ; Zimmermann et. al., 2004 ). Here, we tested whether the RG1 and RG2 promoters drive GUS expression in the developing and mature embryo sacs. Figure 3A , B shows GUS activity in stage 12-early ovule and embryo sac of a transgenic NA, not applicable; TE, transmission efficiency calculated according to Howden et al. (1998) as: progeny containing rg1-1;rg2-3/progeny lacking rg1-1;rg2-33100%. Developing rg1-1;RG2 ovule from floral stage 13-early. Floral and ovule development stages are as described by Smyth et al. (1990) and Schneitz et al. (1995) (Fig. S2 , Table S2 , at JXB online). 'early' refers to the beginning of the respective floral stage. Arrows point to the nuclei; white dotted lines encircle the position of nuclei; P, unfused polar nuclei; E, egg cell nucleus, S, synergid nuclei. Scale bars: 50 lm.
RG1-GUS line. Stronger staining was observed in the embryo sac than in the surrounding sporophytic tissue (Fig. 3B) , consistent with the interpretation that the RG1 promoter is active in the gametophyte. GUS expression was also detected in the integuments of ovules. Strong GUS staining was also observed in pollen of the RG1-GUS plant, consistent with the published microarray data (Fig. 3C ).
rg1-1/rg1-1;rg2-3/rg2-3 RanGAP knockout double mutants were rescued by complementation with RG1 and RG2 genomic constructs
To confirm that RanGAP is the cause of lethality, rg1-1/rg1-1;RG2/rg2-3 plants were transformed with an RG1 promoter-RG1 construct or an RG2 promoter-RG2 construct and primary transformants were selected by hygromycin resistance. Plants were allowed to self-fertilize and T1 and T2 plants were screened by PCR genotyping for rescued rg1-1/ rg1-1;rg2-3/rg2-3 plants carrying either the RG1 promoter-RG1 (Fig. 4) or the RG2 promoter-RG2 transgene (data not shown). In addition, lines confirmed by genotyping were analysed for the presence of either RanGAP1 or RanGAP2 by immunoblots with the respective antibodies. Figure 4B shows an example of a genotyping result. As controls, genotyping of an rg1-1/rg1-1;RG2/RG2 line (lane 2) and an RG1/RG1;rg2-3/rg2-3 line (lane 3) are shown, confirming the identity of the respective allelespecific PCR products. Lane 1 shows a rescued line carrying the RG1-promoter RG1 transgene. Figure 4C shows an immunoblot using the RanGAP1-specific antibody against protein extracts from the same three lines. The viable rg1-1/rg1-1;rg2-3/rg2-3 RG1 promoter-RG1 line shows more than twice as much RanGAP1 as the line homozygous for the wild-type RG1 allele and was phenotypically normal. (Viable lines were also recovered that expressed ;25% of wild-type RG1.) These data confirm that the female gametophyte lethality reported here is due to the combination of the two RanGAP null mutations, and not an independent event in the genetic background.
Discussion
In all organisms investigated, the complete loss of RanGAP is lethal. Mutants of the S. cerevisiae (budding yeast) and Fig. 3 . RanGAP promoter-GUS activity is detected in embryo sacs and pollen. GUS-staining of (A) ovule, (B) embryo sac, and (C) flower with pollen of an RG1 promoter-GUS transgenic line. Arrow in (B) indicates the position of the embryo sac, which is more intensely stained compared with the surrounding sporophytic tissue of the ovule. Scale bars: 50 lm. Schizosaccharomyces pombe (fission yeast) homologues, rna1-1 and Sprna ts , respectively, are lethal at the restrictive temperatures (Kusano et al., 2004) . The mutant of Fug1, the RanGAP homologue in mouse, is arrested at an early embryonic stage (DeGregori et al., 1994) while the RanGAP-RNAi mutants of Caenorhabditis elegans are lethal at embryonic or larval stages (Bamba et al., 2002) . To our knowledge, our data are the first to demonstrate that RanGAP is essential during gametogenesis. In addition, we show that Arabidopsis RanGAP1 and RanGAP2 are fully redundant at that stage. Surprisingly, RanGAP1 and RanGAP2 are essential for female, but not for male gametogenesis in Arabidopsis.
The fact that both RG1;rg2-3 and rg1-1;RG2 ovules developed normally on the heterozygote parents and the mutant rg1-1;rg2-3 ovules could be rescued by both RG1 and RG2 transgenic constructs independently shows functional redundancy of RanGAP1 and RanGAP2 in female gametophyte development. This redundancy of plant RanGAPs may have hampered identification of their role in embryo sac development by numerous forward genetic screens (Feldmann et al., 1997; Moore et al., 1997; Bonhomme et al., 1998; Christensen et al., 1998; Howden et al., 1998; Grini et al., 1999; Shimizu and Okada, 2000; Pagnussat et al., 2005) while their ubiquitous expression including in sporophytic ovule tissue would have hindered isolation by subtractive microarrays (Johnston et al., 2007; Jones-Rhoades et al., 2007) as well as expression-based approaches (Drews and Yadegari, 2002) . Thus, a reverse genetic approach, as followed in this study, was vital to reveal the functional aspects of RanGAP in megagametophyte development.
Ubiquitously expressed genes that are essential specifically for the male or female gametophyte are rare. Several mutants have been described that have preferential effects. For example, a knockout of both genes coding for c-tubulin leads to a 90% reduction in female transmission and a 60% reduction in male transmission of the double mutant (Pastuglia et al., 2006) . Similarly, a mutant in a subunit of the anaphase promoting complex/cyclosome (APC/C) leads to 20% transmission efficiency though the female and 68% transmission efficiency through the male (with 100% being defined as a 1:1 transmission of the mutant allele) (Kwee and Sundaresan, 2003) . SLOW WALKER1 is a mutation in a WD40 protein that is essential for female gametogenesis only; however, in this case a redundant function in the male gametophyte cannot be excluded (Shi et al., 2005) . In the case of RanGAP1 and RanGAP2 described here, redundancy with an undiscovered third gene is extremely unlikely. A number of mutants that lead to specific female gametophyte lethality have been identified, but the majority has not yet been cloned Drews et al., 1998; Yang and Sundaresan, 2000) . In addition, a large number of genes specifically expressed in female gametophytes have been identified (Steffen et al., 2007) . In contrast, RanGAP1 and RanGAP2 are ubiquitously expressed throughout the plant.
The very high expression in mitotic tissues, together with the cytokinesis defects observed in milder RanGAP knockdown lines (Xu et al., 2008) and the multiple mitotic roles of the Ran cycle in animals (Ren et al., 1994; Hetzer et al., 2000; Zhang and Clarke, 2000; Gruss et al., 2001; Zhang et al., 2002; Dasso, 2003, 2005; Ciciarello et al., 2007) , suggest a function for plant RanGAP during cell division. Thus, the female gametophyte's arrest could be caused either by defective nucleocytoplasmic transport or by a malfunction of mitosis. In the S. cerevisiae rna1-1 mutant, deficiency in nuclear import of proteins was observed at the restrictive temperature (Traglia et al., 1996) . However, within a series of temperature-sensitive alleles of the S. pombe homologue Sprna, some showed no defects in nucleocytoplasmic protein transport while cell division was aberrant (Kusano et al., 2004) . This suggests that different mutant alleles can reveal different RanGAP functions and that nucleocytoplasmic transport and mitotic functions might show different sensitivities to a reduction in the overall level of RanGAP.
Interestingly, a double null mutant of the two genes encoding the Arabidopsis karyopherin XPO1/CRM1, the main exportin for proteins, also showed predominantly female gametophytic lethality (Blanvillain et al., 2008) . Similar to the data described here, this was found predominantly at the two-nuclear mitotic stage. In addition to its function in Ran-dependent nuclear export, XPO1/ CRM1 is also involved in the mitotic functions of the Ran cycle in animals . Thus, several components of the Ran cycle involved in mitosis are more essential for female than for male gametogenesis. One difference between male and female gametogenesis is that the female gametophyte undergoes three rounds of post-meiotic mitosis, while the vegetative cell in the male gametophyte undergoes one division and the generative cell two divisions. These extra rounds of mitosis, together with a higher level of RanGAP1 expression in the male than the female reproductive tissue, might lead to more severe depletion of parentally loaded RanGAP in the female gametophyte. [It has been shown that the cell destined to become the megaspore receives more than a quarter of the cytoplasmic content from the megaspore mother cell before meiotic division (Willemse and van Went, 1984) .] On the other hand, the vegetative cell of the male gametophyte undergoes dramatic growth as the pollen tube, and thus likely requires efficient nucleocytoplasmic transport, but is functional in an rg1-1;rg2-3 state. This suggests that depletion of RanGAP has a lesser effect on the upkeep of nucleocytoplasmic transport in the gamete than on another, most likely mitosis-related function.
Supplementary data
Supplementary data are available at JXB online.
Supplementary Fig. S1 is a schematic representation of the gene structure and T-DNA insertions in (A) RanGAP1 and (B) RanGAP2. Supplementary Fig. S2 shows the correlation of floral, ovule, and embryo sac development stages of Columbia with those described for Ler.
Supplementary Table S1 lists the primers used in this study.
Supplementary Table S2 shows the correlation of floral stages and female gametophyte development.
Supplementary Table S3 lists the number of aborted ovules from r1-1/rg1-1;RG2/rg2-3 and wild-type siliques.
